Identifying the symmetry of the superconducting order parameter in the recentlydiscovered ferro-oxypnictide family of superconductors, RFeAsO 1−x F y , where R is a rare earth, is a high priority. Many of the proposed order parameters have internal π phase shifts, like the d-wave order found in the cuprates, which would result in direction-dependent phase shifts in tunnelling. In dense polycrystalline samples, these phase shifts in turn would result in spontaneous orbital currents and magnetization in the superconducting state. We perform scanning SQUID microscopy on a dense polycrystalline sample of NdFeAsO 0.94 F 0.06 with T c = 48 K and find no such spontaneous currents, ruling out many of the proposed order parameters.
The recently-discovered ferro-oxypnictide family of superconductors includes materials with transition temperatures above 50 K 1 and shows evidence that competing magnetism plays a key role in the superconductivity. [2] [3] [4] Determining the superconducting order parameter (OP) is key to understanding the interactions that induce superconductivity, but the OP of the ferro-oxypnictide family of superconductors remains uncertain. We report a phase-sensitive test of the symmetry of the OP using scanning magnetic microscopy of dense polycrystalline samples.
Grain boundaries form naturally occuring Josephson junctions that can carry supercurrents. It is now well-known that the OP of the cuprate superconductors contains π phase shifts associated with the d-wave symmetry, and that a π phase shift can result upon going around a closed path in a polycrystalline sample; whether there is a π shift depends on the relative lattice and interface orientations of the grains along the loop, 5 for example as diagrammed in (c) A polycrystalline sample with several Φ 0 /2 vortices, which will tend to couple antiferromagnetically.
samples there is a finite density of π loops, which, in well-connected samples (i.e. with the intergrain Josephson penetration depth λ J comparable to or less than the grain size), results in complex patterns of magnetization. 7
Proposals for the ferro-oxypnictide OP include extended-s order, with a π phase shift between the hole and electron Fermi sheets, Our SQUID is a niobium-based scanning susceptometer design. The larger loop around the pick-up coil is a field coil; a measure of the local susceptibility can be obtained by applying a local field with this coil and measuring the response in the pick-up coil.
We polished the sample to a shiny surface using Al 2 O 3 polishing paper without any lu- at lumps of a magnetic impurity phase, possibly beneath the surface, and a widespread mottled background. In the area indicated in Fig. 2(b) , the root-mean-square amplitude of this background signal, after plane subtraction, is 1.7 mΦ 0 . By lifting the SQUID slightly above the sample the sample can be heated while maintaining the SQUID below its T c ; a T = 55 K scan ( Fig. 2(f) ) confirms the presence of magnetic impurity phase. The surface dipoles also persist at 55 K while the mottled background disappears at T c . A susceptibility scan (Fig. 3) shows which areas are superconducting: over these areas the field coil is partially shielded by the Meissner screening of the sample, reducing the field coil Polarizable moments would lead to the Wohlleben effect, a bulk paramagnetism against the field in which the sample was cooled for fields 100 µT, and which has been observed for polycrystalline cuprates. 5 To test for the Wohlleben effect in NdFeAsO 0.94 F 0.06 , we compare the average signal over the sample with the signal beyond the sample edge (in all cases the sample was cooled and scanned in the same field). The result, shown in Fig. 4 , indicates diamagnetism against sub-100 µT cooling fields, consistent with an absence of polarizable moments.
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Letter In the remainder of the paper, we use established modelling techniques to show quantitatively that the signal that would emerge from orbital frustration would be larger than the small mottled background field evident in Fig. 2 . The observed vortex widths suggest a
Josephson penetration depth λ J comparable to the grain size, so spontaneous moments would not be well-isolated. Tightly-spaced moments would also tend to align antiferromagnetically, further reducing the expected signal at the SQUID. We estimate the expected signal from orbital frustration by modelling the grain interfaces as a long 1-D Josephson junction, with a single λ J , divided into 0-and π-junction domains. A 1-D junction is a reasonable approximation because the grain size is comparable to the system resolution. In the narrow junction limit the phase change across the junction, φ(x), satisfies a sine-Gordon equation,
where θ(x) is the position-dependent frustration phase (set here to 0 or π).
Two empirical estimates of the typical λ J for this sample are available.
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